The present study demonstrates the effect of copolymer on the physical, mechanical, and thermal properties of tropical wood and wood polymer composites (WPCs). Mixed monomers of methyl methacrylate (MMA) and polyvinyl alcohol (PVA) were effectively impregnated into the cellular structure of several types of tropical wood, which then underwent a catalyst-thermal process to polymerize and form WPC. The manufacturing of WPC was confirmed through Fourier transform infrared (FTIR) spectroscopy and scanning electron microscopic (SEM) analysis. The SEM observation showed that polymer converted from monomers filled up wood cell cavities and tightly interacted with wood matrix. The X-ray diffraction results reveal that the degree of crystallinity was significantly improved upon impregnation with PVA-co-MMA copolymer. The modulus of elasticity (MOE) and compressive modulus were found to be significantly higher after treatment with MMA/PVA indicating improvement of mechanical properties of the wood samples. In addition, the modified WPC had lower water absorption compared to their corresponding raw samples. It is interesting to note that thermogravimetric (TGA) analysis shows an extensive improvement in thermal properties of WPC.
Introduction
Structural wood has always been an essential raw material and has been used worldwide for a variety of purposes. However, it has some disadvantages, including "poor physicomechanical properties, susceptibility to damage, deterioration, and frequent costly maintenance [1] [2] [3] . " In addition, "the physical and mechanical properties of wood are readily deteriorated by environmental variation" [4] , which is the main drawback and limitation of its properties. The presence of hydrophilic hydroxyl groups (-OH) in the wood components is the main factor responsible for the negative properties. Wood attracts moisture through hydrogen bonding, making it physically unstable. In order to keep wood in optimal condition as long as possible, proper protection is pursued and a broad range of chemical treatments may be used. The improvement in properties of wood may also be enhanced by preparing wood polymer composites (WPCs) with "appropriate chemical treatment [5] . " "Modification with suitable chemicals is an important often-followed route to improve and protect wood properties [1, [6] [7] [8] [9] [10] . " Over the years, wood has been treated with a variety of chemicals to augment its physical, mechanical, and biological properties. Such modified wood not only is more resistant against decay but also has improved mechanical properties, in particular, strength.
Wood has many desirable characteristics required for a variety of end uses such as construction, furniture, 2 Advances in Materials Science and Engineering and tools. A deficiency of high quality hardwoods has driven researchers and manufactures to search for alternative resources, such as softwood and some low-density hardwood, for value added application [11] . In Malaysia, especially Sarawak has the third biggest rainforest in the world. Several tropical wood species are abundantly available in Sarawak. In addition, the stock volume of tropical light hardwood is higher; however, they have not been sufficiently developed and utilized because of several drawbacks such as "low physical, mechanical, and thermomechanical properties [12] . " Therefore, satisfactory use of these types of wood depends on proper treatment as specific uses of wood require exclusive treatments before they can be utilized. Suitable technologies are needed to improve wood properties specially physical, mechanical, and thermal properties in order to meet specific end-use requirements. "The formation of wood polymer composites (WPCs) is one of the promising approaches to achieve this target [13] . "
Lately, interest has been manifested in wood impregnation with a variety of monomers such as styrene, epoxy resins, urethane, phenol formaldehyde, methyl methacrylate (MMA), vinyl, and acrylic monomer to improve the negative properties in wood [14] . WPC made with combinations of monomers like hexadiol, diacrylate, hydroxyethyl methacrylate, glycidyl methacrylate, hexamethylene diisocyanate, and anhydride has been shown to improve the dimensional and thermal stability [15] . However, it is generally known and accepted that most of the monomers do not react or form bond with the reactive groups of the wood fibers but instead simply bulk the void spaces within the wood structure. Many polymers, even though formed in situ, only fill the empty lumens in the wood, which leads to a mixture of two materials rather than a real composite. Accordingly, the resulting products are still subjected to changes in their physical and chemical properties with environmental factors. It can therefore be deduced that if bonding/reaction occur between the chemical and the hydroxyl groups on the cellulose fibers, the physical properties of treated wood may be further improved [16] .
"Polyvinyl alcohol (PVA) has widely been used as a crosslinking agent to produce biodegradable polymer matrix compounds [17, 18] . " It has also been used as a decharacterizing agent of thermosetting resin and as a binding agent such as carbamide, formaldehyde resi, and melamine, for plywood, artificial board, and timber processing. "PVA is a highly hydrophilic polymer that can be modified with vinyl monomers to obtain copolymers (PVA-co-MMA) with improved properties [19] . " It was also renowned that the functionalized PVA was easily copolymerized and/or crosslinked with acrylic acid or its partially neutralized form to give crosslinked polymeric matrix. MMA monomer was chosen along with PVA to form copolymer. MMA is cheap, available, and it can be easily polymerized and impregnated into other materials. A large number of research studies have been conducted on "chemical modification and characterization of wood [20, 21] . " Very little or no work, however, has been devoted to Malaysian tropical light hardwood species and their chemical treatment with the "combination of two monomers-methyl methacrylate (MMA) and polyvinyl alcohol (PVA) [12] . "
In the present work, five species of selected Malaysian tropical light hardwood were utilized as starting materials as they are easily obtainable in the local forest. The major drawbacks of these species include their high moisture uptake, biodegradation, and physicomechanical property changes with environmental variations. These drawbacks limit the use of these species. It has been established that the hydrophilic nature responsible for moisture sorption causes swelling, fungal attack, and deformation of the product [2, 5] . The physical, mechanical, and biological property changes of wood can be minimized by suitable chemical treatment, which is a promising way to improve wood properties [1] [2] [3] . In order to overcome the aforementioned problems, wood species were chemically treated with a combination of MMA/PVA mixture where PVA was used as a copolymer agent. Therefore, the main objectives of this research are to manufacture WPC from selected tropical wood species by means of MMA and PVA prepolymer mixture and to investigate their physical, mechanical, and thermal properties. 3 , respectively, and both are analytical grade products of Merck, Germany.
Materials and Methods

Specimen Preparation.
The sapwood portions of wood were cut into three bolts of 1.2 m in length. Each part was quarter sawn to produce planks of 4 cm thickness. Then they were subsequently conditioned to air-dry in a room with relative humidity of 60% and at ambient temperature of 25 ∘ C for six months prior to testing. The clear, defect-free planks were ripped and sized to 300 mm (L) × 20 mm (T) × 20 mm (R) and 60 mm (L) × 20 mm (T) × 20 mm (R) samples for three-point bending and water absorption test, respectively. Powder samples were prepared for thermogravimetric (TGA) test.
Preparation of Prepolymer Mixture.
In order to prepare prepolymer mixture, 10% (wt/wt) polyvinyl alcohol (PVA) and 2% benzyl peroxide catalyst were added into the methyl methacrylate (MMA) monomer at a mixing speed of 3050 rpm for 20 minutes in a disintegrator to form suspensions. Those specimens were subsequently used to impregnate the wood samples under specific conditions.
Manufacturing of Wood Polymer Composite (WPC).
For wood polymer composite (WPC) manufacturing, test samples were placed in an impregnation vacuum-chamber and a maximum vacuum (10 kPa) was drawn on the wood for 30 minutes. The respective prepolymer mixture at full loading was introduced into the chamber until the samples were entirely covered. The samples were then soaked in prepolymer solution for 6 hours at ambient temperature and atmospheric pressure to obtain further impregnation. Finally, the samples were wrapped with aluminum foil and placed in an oven for 24 hours at 105 ∘ C for polymerization to take place and then weighed to determine weight percentage gain (WPG) according to
where and are oven-dried weight of raw wood and fabricated WPC samples, respectively.
Determination of Moisture Content.
The untreated and treated wood samples were oven-dried at 103 ∘ C for 24 h. They were then placed in a conditioning chamber at a temperature of 22 ∘ C and a relative humidity of 65% for approximately 6 weeks. After stabilization, the weight of each sample was measured. The moisture content (MC) at equilibrium (2) was calculated as follows:
where 2 is the weight of the raw wood at moisture absorption equilibrium and 1 is the oven-dried weight of the untreated or treated wood sample.
Fourier Transform Infrared Spectroscopy (FTIR).
The infrared spectra of the untreated and treated grounded powder wood samples were recorded on a Shimadzu Fourier transform infrared spectroscopy (FTIR) 81001 spectrophotometer. The transmittance range of scan was from 370 to 4000 cm −1 . The obtained spectra are described in the Results and Discussion section.
X-Ray Diffraction (XRD).
In order to assess the morphological properties of WPC, XRD analysis was applied. A PANalytical XRD diffractometer was used where Cu K ( = 1.54 >) radiation was employed with 2 varying between 4 ∘ and 80 ∘ at 5 ∘ /min. The crystalline-to-amorphous ratio of materials was determined using
where Cr.I is the crystallinity index, 002 is the maximum intensity (in arbitrary units) of the diffraction from the 002 plane at 2 = 22.8 ∘ and am is the intensity of the background scatter measured at 2 = 19.8 ∘ .
Scanning Electron Microscopy (SEM).
The interfacial bonding between the cell wall polymer and monomer mixture was examined using a scanning electron microscope (JSM-6701F) supplied by JEOL Company Limited, Japan. The specimens were first fixed with Karnovsky's fixative and then taken through a graded alcohol dehydration series. Once dehydrated, the specimen was coated with a thin layer of gold before viewing on the SEM. The micrographs were taken at different magnifications and are presented in the Results and Discussions section.
Water Absorption Test.
To determine the water uptake, the water absorption tests of the untreated and treated wood specimens were carried out according to ASTM D 570-99 and the increase in the weight of the specimens was calculated using (3):
Bending and Compression Test.
In order to mechanically characterize manufactured composites, bending and compression tests were carried out according to ASTM D-143 using a Shimadzu universal testing machine having a loading capacity of 300 kN. A crosshead speed of 2 mm/min was used during the tests.
Thermogravimetric Analysis (TGA)
. TGA measurements were carried out on 5-10 mg of raw and their composites (powder samples) at a heating rate of 10 ∘ C/min in a nitrogen atmosphere using a thermogravimetric analyzer (TA Instrument SDT Q600). WPC and raw wood were subjected to TGA in high purity nitrogen under a constant flow rate of 5 mL/min. Thermal decomposition of each sample occurred in a programmed temperature range of 30-800 ∘ C. The continuous weight loss and temperature were recorded and analyzed to determine the following TGA parameters: thermal degradation rate (% weight loss/min), initial degradation temperature, and residual weight (RW) at 800 ∘ C.
Results and Discussion
Weight Percentage Gain (WPG%) Results.
After impregnation with MMA/PVA, the weight percentage gains for Jelutong, Terbulan, Batai, Rubberwood, and Pulai were 42, 38, 47, 25, and 32%, respectively. These results revealed that MMA/PVA were successfully incorporated in the wood species in order to form wood polymer composites. Among the wood species used, Batai wood gained highest amount of polymer compared to the other ones. This indicates that the WPG of wood samples were dependent on the density of wood species [12] . This is expected because lower density wood species gained higher amount of polymer and vice versa. 
Moisture Content Test
Results. The moisture content of raw wood and WPC samples was 11, 12, 10, 13, and 14% and 6, 7, 5, 9, and 5% for Jelutong, Terbulan, Batai, Rubberwood, and Pulai, respectively. All raw wood samples exhibited a higher percentage of moisture absorption than the modified WPCs. This was expected because cell walls with hydrophilic hydroxyl groups will absorb moisture to its surface through the formation of hydrogen bonding [22] . However, it was found that after impregnation with MMA/PVA, the moisture content of wood samples reduced significantly. The reduction in MC for the manufactured WPCs could be attributed to the impregnated polymer MMA/PVA, which may block sorption sites in the interior of wood cell lumens and the cell wall [23] .
Consequently, a few water sorption sites remain, which also contributed to the reduction in water uptake. "The similar result was also reported by the other researchers [22, 23] ".
Fourier Transform Infrared Spectroscopic (FTIR) Analysis.
In order to investigate the interaction between wood, MMA, and PVA, FTIR test was carried out. The spectrum analysis of the raw wood and WPC is shown in Figure 1 . The FTIR spectrum of the raw wood perceptibly showed the characteristic absorption band in the region of 3418 cm −1 , 1736 cm −1 , and 2933 cm −1 due to O-H, C=O, and C-H stretching vibration, respectively. These absorption bands are due to hydroxyl group (-OH) in cellulose, carbonyl group of acetyl ester in hemicellulose, and carbonyl aldehyde in lignin [24] . Conversely, it can be seen from Spectrum (II) that the peak was at 1736 cm −1 , which is due to carbonyl stretching vibration, shifted towards higher wave number with high peak intensity upon impregnated with MMA/PVA monomer mixture. It can also be distinguished that the C-H stretching vibration peaks (at 2933 cm −1 ) were transferred in the direction of higher wave number (at 2980 cm −1 ) with spacious band intensity in the FTIR spectrum of WPC (Spectrum II). Moreover, there were two new peaks clearly appearing at 700 cm −1 and 720 cm −1 in Spectrum II, which are due to the -CH 2 bending and C-H stretching vibration in the WPC. Therefore, it can be confirmed that MMA reacted with hydroxyl group (-OH) of wood and polymerized with PVA, thus forming wood-MMA-PVA compound [19, 25] . The absorption band of O-H group also shifted towards higher wave number (3408 cm −1 to 3426 cm −1 ) with narrowed band intensity, which gives further evidence of the reaction and copolymerization between wood, MMA, and PVA [26] . These results confirmed that PVA provided better interface interaction between the wood fiber surfaces and MMA, which significantly increased the other properties of WPC. All these, as stated above, confirmed the following reaction.
3.4. XRD Analysis. The X-ray diffraction patterns of raw wood and WPC are given in Figures 2(I) and 2(II). It can be seen from Figure 2 (I) that the patterns of raw wood fibers exhibit three well-defined peaks (2 ) at 15.1, 22.8, and 34.7 ∘ , which correspond to the (110), (200), and (023) or (004) crystallographic planes, respectively [27, 28] . The pattern also indicated that the raw wood consists mainly of diffuse peaks. This proves that the wood is an extremely poor crystalline material [27] .
Conversely, it was observed that there were three new peaks (2 ) Figure 2 (II). These new peaks may be due to the interaction of MMA, wood, and PVA and the formation of wood composites. Additionally, the crystallinity of the samples was measured based on the 002 plane and peaks at 2 = 22. of WPC were significantly increased (14%) compared to raw wood for the peaks (2 ) at = 22.8 ∘ . The copolymer PVA-co-MMA reacted with OH groups of wood and formed wood-PVA-co-MMA, which enhanced the crystallinity of WPC. This result indicates that the PVA-co-MMA significantly increased the crystallinity of WPC samples. Similar results are also reported by the other researchers [29] .
Scanning Electron Microscopic (SEM) Analysis.
The typical (Jelutong wood) SEM of raw and WPC samples was shown in Figures 3(a) and 3(b) in transverse section. The raw wood in Figure 3(a) clearly shows the number of void spaces and agglomerations of fiber in the wood surface, which are removable with suitable chemical treatment [1, 16] . Figure 3(b) shows clean and completely polymer filled void spaces throughout the wood surface. It is also clear that the filling behavior of PVA-co-MMA was in interaction with the outside surface of the cell lumens as well, because the combined monomer mixture was polymerized homogeneously. This might be due to the strong interface interaction between wood, PVA, and MMA in which PVA acted as a crosslinker. This is also anticipated because PVA reacts with wood hydroxyl group and copolymerized with MMA and produced wood-PVA-co-MMA which enhances the adhesion and compatibility of polymer to cell wall and vessels of the wood. This result recommended that the copolymerization created a strong interface with wood cell walls, accounting for the observed increase in mechanical strength and thermal stability [11] .
Modulus of Elasticity (MOE).
The modulus of elasticity (MOE) of raw wood and WPC samples is shown in Figure 4 . It can be seen from Figure 4 that the MOE of WPC samples has been increased compared to their corresponding raw samples. The MOE of WPC of Jelutong showed the highest increment after treatment with MMA/PVA, followed by Rubberwood, Pulai, Batai, and Terbulan, respectively. The higher MOE of WPC samples compared to the raw wood was due to the chemical modification, which is in accordance with other research findings [30] . The increase in the MOE value of WPC compared to the raw wood samples was due to the presence of PVA, which reacted and copolymerized with MMA and wood providing better adhesion and interaction among the polymers [15] . In the wood specimens, the MMA/PVA polymer completely filled all the void spaces in the wood and thus enhanced the MOE value of WPC samples. This improvement in MOE was also supported by XRD and SEM study. Figure 5 demonstrates the compressive modulus parallel to the grain for raw wood and WPC samples. From Figure 5 , it is apparent that there was a considerable increase in compressive strength for MMA/PVA impregnated WPC samples. Among the five wood species used, the highest increase in compressive strength was observed in Batai, followed by Jelutong, Terbulan, Pulai, and Rubberwood, respectively. Raw wood species failed in compression because of the bulking of relatively thin cell walls due to a long column type of instability [12, 13] . It is well known and acknowledged that the lateral stability of wood samples has been enhanced with the presence of polymer in the cell wall of wood [13] . This has been predicted because PVA has the ability to increase the adhesion and compatibility between the wood cell wall and MMA, thus forming a strong polymer coating on its surface. Consequently, the lateral stability of the cell wall was enhanced. Similar results have also been observed by previous researchers [30] . Figure 6 displays the result of water absorption properties of raw wood and WPC samples. All raw wood specimens exhibited higher percentage of water absorption compared to the MMA/PVA impregnated WPC samples. This result is expected because cell wall hydrophilic hydroxyl groups of wood absorbed water to its surface through the formation of hydrogen bonding [15] . The WPC of Rubberwood had the highest decrement in water absorption, followed by Jelutong, Batai, Terbulan, and Pulai, respectively. The decrease in water absorption for MMA/PVA treatment has also been expected because PVA reacted and copolymerized with MMA and numerous hydroxyl groups contained in wood components, as stated earlier. Hence, fewer water absorption sites remained, which also contributed to the reduction in water uptake [22] . Figure 7 shows the typical (Jelutong wood) TGA thermograms of raw and WPC samples. Important data derived from each thermogram are explained briefly in Table 1 . As seen in Figure 7 and Table 1 , the initial decomposition temperature ( ) for the raw samples is typical of wood in which decomposition of wood components took place below 250 ∘ C [30, 31] . In contrast, the initial decomposition temperature ( ) and the maximum decomposition temperature ( ) values for WPC samples were significantly higher than their corresponding raw wood samples. These results indicate that a WPC sample impregnated with MMA/PVA was more thermally stable than raw wood sample. The same phenomenon has also been reported by other researchers [32] . The incorporated prepolymer mixture (MMA/PVA) was polymerized homogenously throughout the wood fiber surfaces, thus allowing stabilization and barrier effects [33] . It is considered that the major source of this stability is due to the chemical interaction with wood fibers and new chemical bonding, which allows thermal energy to be distributed over many bonds [30] . From Table 1 , it can be apparent that the general residual weight (RW) at 800 ∘ C of WPC samples exhibited decrement compared to the raw wood samples. This could be due to the decomposition of incorporated MMA/PVA from the surface of wood composites [32] . It was also observed that the maximum rate of mass loss ( ) of WPCs was higher compared to raw wood samples. This result is expected and may be due to the strong interactions between MMA, PVA, and wood, which acted as a barrier and obstructed the diffusion of decomposed volatile products throughout the composites [34] . The similar result was also reflected in the FTIR and SEM analysis. All these observations confirm the copolymerization of PVA between MMA and wood interfaces, which considerably improve the thermal stability of wood composite products [35] .
Compressive Modulus.
Water Absorption Test Results.
Thermogravimetric Analysis (TGA).
Conclusions
From the present study, it can be concluded that optimistic improvement in physical, mechanical, and thermal properties was obtained for all selected woods, which were treated with PVA-co-MMA copolymer formulations. The reaction and copolymerization between wood, PVA, and MMA yielded wood-PVA-co-MMA compound. This compound was confirmed from the FTIR spectrum where the characteristic peak at 1736 cm −1 and 2933 cm −1 was shifted towards the higher wave numbers due to the interaction between wood, PVA, and MMA. For WPC, an improved degree of crystallinity was exhibited from XRD results. The MOE and compressive modulus of WPCs were shown to increase by 3-18% and 30-45% compared to their corresponding raw samples, respectively. WPC samples showed lower water absorption (39-70%) compared to the raw samples. Furthermore, WPC samples had shown improved thermal stability over all raw wood samples. The improved wood properties could be ascribed to copolymerization and strong interaction between the wood surface, PVA, and MMA.
